
O R I G I N A L  R E S E A R C H

Resolvin D1 Attenuates Inflammation and Pelvic 
Pain Associated with EAP by Inhibiting Oxidative 
Stress and NLRP3 Inflammasome Activation via 
the Nrf2/HO-1 Pathway
Jiong Zhang1,2,*, Juan Chen3,*, Qing Jiang1,*, Rui Feng2, Xiaohu Zhao2, Haolin Li2, Cheng Yang2, 
Xiaoliang Hua1

1Department of Urology, the Second Affiliated Hospital of Chongqing Medical University, Chongqing, People’s Republic of China; 2Department of 
Urology, the First Affiliated Hospital of Anhui Medical University, Hefei, People’s Republic of China; 3The Ministry of Education Key Laboratory of 
Laboratory Medical Diagnostics, the College of Laboratory Medicine, Chongqing Medical University, Chongqing, 400016, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Cheng Yang, Department of Urology, the First Affiliated Hospital of Anhui Medical University, No. 218 Jixi Road, Shushan District, 
Hefei, 230022, People’s Republic of China, Tel +86 0551 6292 3440, Fax +86 551 6363 3742, Email chengyang_md@163.com; Xiaoliang Hua, 
Department of Urology, the Second Affiliated Hospital of Chongqing Medical University, No. 74 Linjiang Road, Yuzhong District, Chongqing, 400010, 
People’s Republic of China, Tel\Fax +86 023 6369 3222, Email hua_xiaoliang@cqmu.edu.cn

Background: Resolvin D1 (RvD1), a member of the specialized pro-resolving lipid mediators family, has a potent anti-inflammatory 
effect and alleviates tissue damage. The purpose of the current research was to study the effect of RvD1 on CP/CPPS and the 
underlying mechanisms using a mouse model of experimental autoimmune prostatitis (EAP) mice.
Materials and Methods: The EAP mouse model was successfully established, and was used to test the therapeutic effect of RvD1. 
Hematoxylin-eosin staining and dihydroethidium staining were used to evaluate the histological changes and oxidative stress levels of 
prostate tissues. Chronic pelvic pain was assessed by applying von Frey filaments to the lower abdomen. The superoxide dismutase 
enzyme and malondialdehyde levels were detected using enzyme-linked immunosorbent assay (ELISA). The levels of inflammation- 
related cytokines, including IL-1β, IL-6, and TNF-α were detected by ELISA.
Results: RvD1 treatment ameliorated prostatic inflammation and the pelvic pain of EAP mice. RvD1 treatment could inhibit 
activation of the NLRP3 inflammasome and oxidative stress. RvD1 treatment could activate Nrf2/HO-1 signaling in mice with 
EAP. Blockade of Nrf2/HO-1 signaling abolished the RvD1-mediated inhibition of oxidative stress, NLRP3 inflammasome activation 
and the anti-inflammatory effect of RvD1 in EAP.
Conclusion: RvD1 treatment can reduce inflammatory cell infiltration in prostate tissue and attenuate pelvic pain associated with 
EAP by inhibiting oxidative stress and NLRP3 inflammasome activation via the Nrf2/HO-1 pathway. These results provide new 
insights that RvD1 has the potential as an effective agent in the treatment of EAP.
Keywords: chronic prostatitis and chronic pelvic pain syndrome, CP/CPPS, resolvin D1, inflammation, NLRP3 inflammasome, 
oxidative stress

Introduction
Chronic prostatitis, a very common disease of the genitourinary system, affected approximately 35–50% of men in their 
lifetime.1–3 Chronic prostatitis and chronic pelvic pain syndrome (CP/CPPS) is the most common type, accounting for 
more than 90% of all cases of chronic prostatitis among males under 50 years of age. CP/CPPS is a poorly understood 
syndrome characterized by perineal or pelvic pain, urinary irritation, psychological issues, and sexual dysfunction 
without infection, and it negatively affects sperm and quality of life.1–4 As the etiology of CP/CPPS is still not well 
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understood, available therapeutic options including alpha blockers, anti-inflammatory drugs, physiotherapy, and neuro-
leptics are far from satisfactory to either patients or physicians.5,6 Therefore, a new treatment for CP/CPPS and a better 
understanding of its pathogenesis are urgently needed.

Recent studies have shown that the specialized pro-resolving lipid mediators deriving predominantly from ω-3 and ω- 
6 essential fatty acids, play a vital role in the chronic inflammatory diseases.7 Resolvin D1 (RvD1) is a specialized pro- 
resolving lipid mediator that is derived predominantly from docosahexaenoic acid. The potent effects of RvD1 on chronic 
inflammatory disease have attracted attention in recent years. The anti-inflammatory effects of RvD1 have been verified 
in multiple inflammatory diseases, including non-alcoholic steatohepatitis,8 cholestatic liver fibrosis,9 and rheumatoid 
arthritis.10 In addition, RvD1 has an inhibitory effect on oxidative stress and apoptosis, further reducing tissue 
damage.11,12 RvD1, as an endogenous metabolite, is expected to be safe and has great potential for clinical applications. 
However, the effects of RvD1 on the pathogenesis and development of CP/CPPS have not yet been elucidated.

NOD-like receptor protein 3 (NLRP3), apoptosis-associated speck-like protein containing a caspase recruitment 
domain (ASC) and caspase-1 comprise the NLRP3 inflammasome complex.13 The formation of the NLRP3 inflamma-
some complex triggers the cleavage of procaspase-1 into active caspase-1, which converts the cytokine precursors pro-IL 
-1β and pro-IL-18 into mature pro-inflammatory cytokines IL-1β and IL-18, causing inflammation and tissue damage.14 

Recent studies have indicated that NLRP3 inflammasome activation exacerbates the inflammatory response of prostate 
tissue and pelvic pain in EAP.15,16 Therefore, strategies that inhibiting the activation of NLRP3 inflammasomes may 
represent a novel treatment option for patients suffering from CP/CPPS. Oxidative stress, namely imbalance in peroxide 
and antioxidant, is one of the pathogenesis of CP/CPPS.17 In CP/CPPS patients, high levels of oxidative stress can 
contribute to an inflammatory response, resulting in a variety of adverse effects, including infertility and erectile 
dysfunction.18,19 According to hypothesis, antioxidant therapy can be effective in treating patients with CP/CPPS.20

In present study, we explored the therapeutic effects of RvD1 on CP/CPPS on the basis of EAP mouse model. After 
RvD1 treatment, the histological appearance of prostate tissues was measured, the degree of pelvic pain was assessed, 
and the expression levels of inflammatory cytokines in plasma were detected. In addition, the potential mechanism of 
RvD1 inhibiting inflammatory response was systematically explored.

Materials and Methods
Animals
The NOD/LtJ nonobese diabetic (NOD) mice used in this study were 6 and 8 weeks and were purchased from the Nanjing 
Biomedical Research Institute of Nanjing University (Nanjing, China). Adult male Sprague–Dawley rats (250–350 g body 
weight) were purchased from the Nanjing Biomedical Research Institute of Nanjing University (Nanjing, China). The NOD 
mice and Sprague–Dawley rats were housed in the Animal Center of Anhui Medical University under pathogen-free 
conditions, free access to water and food, and switched between light and dark cycles every 12 hours. All the animal 
protocols were approved by the Committee for Animal Care and Use of the Animal Center of Anhui Medical University, in 
accordance with the Chinese Guideline of Welfare and Ethics for Laboratory Animals, and conformed to the Guide for the 
Care and Use of Laboratory Animals published by the US National Institutes of Health (LLSC20221130).

Reagents
According to the manufacturer, the reagents and antibodies used in this experiment are listed below: Complete Freund’s 
adjuvant (CFA), zinc protoporphyrin (ZnPP), and reactive oxygen species (ROS) staining solution were purchased from 
Sigma–Aldrich (St. Louis, MO, USA). RvD1 was purchased from Cayman Chemical (BIOMOL GmbH, Hamburg, 
Germany). ML385 was obtained from Selleck Chemicals (Houston, TX). The products of oxidative stress test kits, 
including the MDA and SOD test kits, were purchased from Solarbio (Beijing, China). The enzyme-linked immunosor-
bent assay (ELISA) kits to measure the levels of TNF-α (CSB-E04741m), IL-6 (CSB-E04639m) and IL-1β (CSB- 
E08054m) were purchased from CUSABIO (Wuhan, China). The primary antibodies used were anti-NLRP3 (DF7438; 
Affinity Biosciences), anti-Caspase-1 (22915-1-AP; ProteinTech), anti-IL-1β (AF5103; Affinity Biosciences), anti-Nrf2 
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(#12721; CST), anti-HO-1 (10701-1-AP; ProteinTech), and anti-GAPDH (#5174; CST). The secondary antibodies used 
was HRP-conjugated goat anti-rabbit (SA00001-2; ProteinTech).

Animal Treatment
The EAP mouse model was well established according to a previously modeling method.21 Briefly, adult male Sprague– 
Dawley rats were euthanized to obtain prostate tissue for tissue homogenization, and the supernatants were collected as 
prostate antigens (PAgs). We emulsified equal volumes of PAgs or phosphate buffer solution (PBS) thoroughly in CFA. 
The mice in EAP group and control group were subcutaneously injected with PAgs (300 μg/mouse) and PBS emulsified 
in CFA, respectively. We injected 150 μL total volume per mouse into different areas (bilateral hind footpads, lower back, 
and tail base). Twice antigen immunizations were used to establish the EAP mouse model; that is, the mice were 
immunized on Days 0 and 28 and then sacrificed on Day 42. RvD1 powder was dissolved in 0.9% saline. ML385 powder 
was dissolved in 100% DMSO to make a stock solution, diluted into a usable solution with a mixture (5% DMSO, 40% 
PEG300, 5% Tween 80, and 50% sterile water). In the dark, ZnPP powder was dissolved in 100% DMSO to make 
a stock solution, diluted into a usable solution with a mixture (5% DMSO, 40% PEG300, 5% Tween 80, and 50% sterile 
water). The experiment was carried out in two batches. In the first batch, the mice were randomly assigned to five groups: 
control, EAP, EAP treated with low-dose RvD1 (2.5 μg/kg), EAP treated with middle-dose RvD1 (5 μg/kg), and EAP 
treated with high-dose RvD1 (10 μg/kg). Each group included 6 mice. Treatment with RvD1 was initiated two days prior 
to the second immunization. In the second batch, the mice were randomly assigned to five groups: control, EAP, EAP 
treated with high-dose RvD1 (10 μg/kg), EAP treated with high-dose RvD1 (10 μg/kg) and ML385 (30 mg/kg), EAP 
treated with high-dose RvD1 (10 μg/kg) and ZnPP (5 mg/kg). Each group included 6 mice. Treatment with ML385 and 
ZnPP was initiated four days prior to the second immunization, and treatment with RvD1 was initiated two days prior to 
the second immunization. One hour before administration of RvD1, mice received intraperitoneal injections of ML385 or 
ZnPP, and mice in the control group were given vehicle instead.22

Behavioral Testing
Mice in different groups were evaluated for allodynia in the lower abdominal area near the prostate on Day 42 after 
immunization. As previously described,21 Von Frey force filaments were used for the tests, which were conducted in 
plastic chambers equipped with a wire grid floor in which the surface was isolated from the ambient environment. It took 
30 minutes for the mice to acclimate to the new environment before the test began. Afterward, each mouse was tested for 
tactile allodynia and hyperalgesia using von Frey filaments of 0.04, 0.16, 0.4, 1.0, and 4.0 g. Each filament was applied 
for 1–2 s with an inter-stimulus interval of 5 s for a total of 20 times. In order to avoid “wind-up” effects, different areas 
within the region were stimulated. As a result, three types of responses were affirmed as positive responses to filament 
stimulation: (1) sharp retraction of the abdomen; (2) immediate licking or scratching of the filament stimulation area; and 
(3) jumping. The results are presented as the percentage of positive responses.

Histological Evaluation
During the experiment, prostate tissues were harvested from mice, fixed in paraformaldehyde for 24 hours, then 
dehydrated with alcohol and xylene before being embedded in paraffin wax and cut into 4 μm thick sections. The 
prostate tissues were stained with hematoxylin and eosin (H&E) to assess inflammation. Following the methods 
described in previous studies,23 the degree of inflammation was quantified on a four-point scale from 0 to 3. 0, no 
inflammation; 1, mild but definite perivascular cuffing with mononuclear cells; 2, moderate perivascular cuffing with 
mononuclear cells; 3, marked perivascular cuffing, hemorrhage, and numerous mononuclear cells in the parenchyma.

ROS Production Assay
The ROS levels in prostate tissues were evaluated using dihydroethidium (DHE) staining. Prostate tissue samples were 
stored at −80°C and frozen into sections with a thickness of 5 μm. Then, each frozen section was put into DHE (10 μM) 
at room temperature for one hour in the dark, and washed three times with PBS. In the dark, the nuclei were stained with 
DAPI solution for 10 minutes at room temperature. Images were captured using a confocal laser-scanning microscope 
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(Olympus Fluoview FV1000, Tokyo, Japan), and the mean fluorescence intensity was quantitative analysed by Image 
J software (National Institutes of Health, Bethesda, MD).

Estimation of Oxidative Stress
The superoxide dismutase enzyme (SOD) is a marker of scavenging capacity for free radicals. The malondialdehyde 
(MDA) is an indicator of severe membrane damage. MDA can be used as an indicator of oxidative stress and free radical 
levels as well.24 The blood of NOD mice was obtained by eyeball blood collection and serum was obtained by 
centrifugation at 2000 rpm/min at 4°C for 15 minutes after blood coagulation. According to the manufacturer’s 
instructions, we measured the levels of SOD and MDA in mouse serum using commercial kits. The concentrations 
were calculated according to the manufacturer’s instructions and normalized to the total protein concentration.

Western Blotting Assay
After the mice were sacrificed, the prostate tissues of mice were harvested, flash frozen in liquid nitrogen, and stored at 
−80°C. To extract total protein from prostate tissues, prostate tissues were homogenized and dissolved in radio- 
immunoprecipitation assay (RIPA) protein lysis buffer (Beyotime Biotech, Jiangsu, China) containing protease and 
phosphatase inhibitors and PMSF for 20 minutes, and centrifuged at 12,000 rpm/min at 4°C for 15 minutes to collect the 
supernatant. Total protein samples from prostate tissues were denatured in boiling water with SDS–PAGE sample loading 
buffer. The denatured samples were electrophoresed in sodium dodecyl sulfate-polyacrylamide gels, followed by transfer 
to nitrocellulose membranes using semi dry transfer methods. Defatted milk (5% (w/v)) was used to block nonspecific 
binding sites. After that, the membranes were incubated with primary antibodies overnight at 4 °C. After three washes 
with TBST solution, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 2 
hours. The membranes were visualized using an EZ-ECL Kit (Biological Industries, Israel) on a ChemiScope 5600 
(Clinx Science Instruments, China). For proteins of similar molecular weight, stripping buffer (Beyotime Biotech, 
Jiangsu, China) was used according to the manufacturer’s instructions. Three prostate tissues in each group were 
randomly selected for Western Blotting assay. The density of the bands was quantified using Image J software 
(National Institutes of Health, Bethesda, MD), and the data was normalized by GAPDH expression.

ELISA
Cytokine levels in mouse serum were measured using ELISA kits for IL-1β (CSB-E08054m, Cusabio, Wuhan, China), 
IL-6 (CSB-E04639m, Cusabio, Wuhan, China) and TNF-α (CSB-E04741m, Cusabio, Wuhan, China). All the procedures 
were performed according to the manufacturer’s instructions.

Data and Statistical Analysis
The statistical analysis was done by a one-way ANOVA analysis as a comparison among multiple groups, a Kruskal– 
Wallis non-parametric test for a comparison of ranked data among multiple groups, or a two-way ANOVA analysis for 
a comparison of two-factor experimental data using GraphPad Prism version 6.0 software. The results are expressed as 
the mean ± standard deviation (SD). P < 0.05 was considered statistically significant. In the figures, “ns” indicates P > 
0.05; * indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.001; **** indicates P < 0.0001.

Results
RvD1 Treatment Reduces Prostatic Inflammation and Pelvic Pain in Mice with EAP
The EAP mouse model was successfully induced, and the therapeutic effects of RvD1 on EAP mice were evaluated. The 
detailed RvD1 treatment procedure is shown in Figure 1A. H&E staining indicated that RvD1 treatment reduced the 
extent and number of intraprostatic inflammatory cell infiltration in EAP mice (Figure 1B). The histopathological 
inflammation scores were calculated. Results showed that high-dose RvD1 treatment significantly decreased inflamma-
tion score in EAP mice (Figure 1C). In CP/CPPS patients, pain in the perineum, rectum, or prostate is one of the major 
clinical symptoms, which has a serious negative impact on the quality of life.25 Therefore, the impact of RvD1 on pain 
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symptoms was evaluated. Compared with the EAP group, the response frequencies to tactile allodynia in the RvD1 
treatment group were significantly decreased (Figure 1D). These results suggested that RvD1 treatment reduced the 
pelvic pain associated with the inflammatory response of mice with EAP.

RvD1 Treatment Inhibits Activation of the NLRP3 Inflammasome
Emerging evidences suggest that NLRP3 inflammasome activation plays an important role in the pathogenesis and 
development of CP/CPPS, and drugs inhibiting NLRP3 inflammasome activation may be novel therapeutic options.15–17 

Hence, we investigated whether RvD1 treatment could inhibit NLRP3 inflammasome activation. After treating EAP mice 
with different doses of RvD1, the expression levels of NLRP3, pro-caspase-1, cleaved-caspase-1, and cleaved-IL-1β 
were measured using Western blotting assay (Figure 2A). Results showed that NLRP3 inflammasome-associated 
proteins, including NLRP3 (Figure 2B), cleaved-IL-1β (Figure 2C), pro-caspase-1, and cleaved-caspase-1 (Figure 2D) 

Figure 1 Resolvin D1 (RvD1) treatment ameliorates prostatic inflammation and pelvic pain associated with EAP. (A) The flow chart of the RvD1 treatment procedure. (B) 
Hematoxylin and eosin (H&E) staining showed that the infiltrating inflammatory cells in prostate tissues was significantly reduced in EAP mice after RvD1 treatment. (C) The 
histopathological scores of the mice in the EAP and RvD1 treatment groups. (D) Pain response frequency to mechanical stimulation of the mice in the EAP and RvD1 
treatment groups. The data are shown as the mean ± SD and were analyzed by Kruskal–Wallis non-parametric test (C), or two-way ANOVA analysis (D). “ns” indicates P > 
0.05; *P < 0.05; **P < 0.01; ****P < 0.0001.
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increased in the EAP group, and RvD1 treatment reduced the expression levels of NLRP3 (Figure 2B), cleaved-IL-1β 
(Figure 2C), pro-caspase-1, and cleaved-caspase-1 (Figure 2D). These results suggested that RvD1 treatment inhibits the 
activation of the NLRP3 inflammasome.

RvD1 Inhibits Oxidative Stress and Activates Nrf2/HO-1 Signaling in Mice with EAP
Previous studies have shown CP/CPPS patients are characterized by oxidative stress at the local and systemic levels, 
which plays an important role in the pathogenesis of CP/CPPS.26 Therefore, we evaluated the production of ROS using 
DHE staining. DHE staining indicated that the ROS production increased in EAP group, and RvD1 treatment effectively 
reduced ROS production (Figure 3A and B). Nrf2, a key factor regulating oxidative stress, regulates the expression of 
multiple antioxidants, including HO-1, to reduce ROS production.27 Hence, we measured the expression of Nrf2 and HO- 
1 using Western blotting assays (Figure 3C). We found that the expression levels of Nrf2 and HO-1 were increased in the 
RvD1 treatment group (Figure 3D and E). SOD, a marker of antioxidant capacity, converts superoxide radicals into 
harmless hydrogen peroxide and oxygen molecules. The SOD level in serum was dramatically reduced in mice with EAP, 
while RvD1 markedly increased the SOD level (Figure 3F). MDA measurement provides an assessment of the severity 
and extent of membrane damage. The MDA level in serum was increased in mice with EAP, while RvD1 markedly 
reduced the MDA level (Figure 3G). These results suggested that RvD1 inhibits oxidative stress and activates Nrf2/HO-1 
signaling in mice with EAP. The correlation between Nrf2/HO-1 signaling and cleaved-IL-1β was evaluated based on the 
results of Western blotting assay. A negative correlation between the Nrf2 and IL-1β levels was observed in the prostate 
tissues (Figure 3H). A significantly negative correlation between the HO-1 and IL-1β levels was observed in the prostate 

Figure 2 RvD1 treatment inhibits the activation of the NLRP3 inflammasome. (A) Western blotting assay to measure the protein levels of NLRP3, cleaved-IL-1β, pro- 
caspase-1, and cleaved-caspase-1 in prostate tissues of EAP and RvD1-treated mice. Statistical analysis of expression levels of NLRP3 (B), cleaved-IL-1β (C), pro-caspase-1, 
and cleaved-caspase-1 (D) detected by Western blotting assay. The data are shown as the mean ± SD and were analyzed by one-way ANOVA analysis. **P < 0.01; ***P < 
0.001; ****P < 0.0001.
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Figure 3 RvD1 inhibits oxidative stress and activates Nrf2/HO-1 pathway in EAP mice. (A) Dihydroethidium (DHE) staining to evaluate ROS production in prostate tissues 
of EAP- and RvD1-treated mice. (B) Quantification of DHE fluorescence intensity of each group (n = 6 per group). (C) Western blotting assay to measure the protein levels 
of Nrf2 and HO-1 in prostate tissues of EAP and RvD1-treated mice. Statistical analysis of expression levels of Nrf2 (D), and HO-1 (E) detected by Western blotting assay. 
(F and G) The levels of superoxide dismutase (SOD) and malonaldehyde (MDA) in the serum of EAP and RvD1-treated mice. (H) Pearson’s correlation coefficient analysis 
for the expression levels of Nrf2 and cleaved-IL-1β based on the results of Western blotting assay. (I) Pearson’s correlation coefficient analysis for the expression levels of 
HO-1 and cleaved-IL-1β based on the results of Western blotting assay. The data are shown as the mean ± SD and were analyzed one-way ANOVA analysis (B and D-G). 
“ns” indicates P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Journal of Inflammation Research 2023:16                                                                                          https://doi.org/10.2147/JIR.S408111                                                                                                                                                                                                                       

DovePress                                                                                                                       
3371

Dovepress                                                                                                                                                           Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


tissues (Figure 3I). Therefore, we hypothesized that RvD1 treatment might inhibit NLRP3 inflammasome activation 
through activating Nrf2/HO-1 signaling pathway, and then alleviate inflammation in mice with EAP.

Blockade of Nrf2/HO-1 Signaling Abolished the RvD1-Mediated Inhibition of 
Oxidative Stress
To further determine whether the Nrf2/HO-1 signaling contributed to the inhibitory effect of RvD1 on oxidative stress, 
we intraperitoneally administered an inhibitor of Nrf2 ML385 (30 mg/kg) and an inhibitor of HO-1 ZnPP (5 mg/kg) to 
mice one hour before RvD1 treatment, inhibiting the activity of Nrf2 and HO-1, respectively.22 The mice in the control 
group were treated with vehicle. The detailed procedure for RvD1, ML385 or ZnPP treatment is shown in Figure 4A. 

Figure 4 Pretreatment with ML385 or ZnPP reversed the inhibitory effects of RvD1 treatment on oxidative stress in mice. (A) Flow chart of the RvD1, ML385 or ZnPP 
treatment procedure. (B) DHE staining to evaluate ROS production in prostate tissues. (C) Quantification of DHE fluorescence intensity of each group (n = 6 per group). 
(D) Western blotting assay to measure the protein levels of Nrf2 and HO-1 in prostate tissues. Statistical analysis of expression levels of Nrf2 (E), and HO-1 (F) detected by 
Western blotting assay. (G and H) The expression levels of SOD and MDA in the serum of mice subjected to different treatments. The data are shown as the mean ± SD and 
were analyzed by one-way ANOVA analysis (C and E-H). “ns” indicates P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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DHE staining showed that the inhibition of ROS production by RvD1 was effectively antagonized by pretreatment with 
ML385 and ZnPP (Figure 4B and C). Western blotting assays showed that RvD1-mediated Nrf2 transcriptional activity 
was successfully blocked by ML385 (Figure 4D and E). ZnPP can effectively inhibit HO-1 expression, and the effect of 
RvD1 in activating HO-1 was offset by pretreatment with ZnPP (Figure 4D and F). We found that the serum SOD levels 
in EAP mice were reduced compared with control mice. RvD1 treatment increased the serum SOD levels, and pretreated 
with ML385 or ZnPP effectively antagonized the RvD1-mediated activation on SOD levels (Figure 4G). The serum 
MDA levels in EAP mice were increased compared with control mice; RvD1 treatment reduced the serum MDA levels, 
and pretreated with ML385 or ZnPP effectively antagonized the RvD1-mediated inhibition on MDA levels (Figure 4H). 
These results suggested that RvD1 inhibits oxidative stress via the Nrf2/HO-1 pathway, and that inhibiting the Nrf2/HO-1 
pathway blocked the inhibitory effect of RvD1 on oxidative stress.

Blockade of Nrf2/HO-1 Signaling Abolished the RvD1-Mediated Inhibition of 
Inflammasome Activation
After pretreatment with ML385 or ZnPP, we measured the protein levels of NLRP3, and caspase-1 in the prostate tissues of 
mice with EAP to determine whether the Nrf2/HO-1 pathway is involved in the RvD1-mediated inhibitory effect on 
inflammasome activation. The results of Western blotting assays were showed in Figure 5A. We found that RvD1 treatment 
could effectively inhibit the expressions of NLRP3 inflammasome-associated proteins, and the inhibitory effect of RvD1 
was offset by pretreatment with ML385 or ZnPP. The expression levels of NLRP3 (Figure 5B), cleaved-caspase-1 
(Figure 5C), pro-caspase-1, and cleaved-caspase-1 (Figure 5D) increased in the mice pretreated with ML385 or ZnPP 
compared with those treated with RvD1. The results suggest that RvD1 inhibits inflammasome activation by activating the 

Figure 5 Pretreatment with ML385 or ZnPP offset the inhibitory effects of RvD1 treatment on NLRP3 inflammasome activation in mice. (A) Western blotting assay to 
measure the protein levels of NLRP3, cleaved-IL-1β, pro-caspase-1, and cleaved-caspase-1 in prostate tissues. Statistical analysis of expression levels of NLRP3 (B), cleaved-IL 
-1β (C), and pro-caspase-1, and cleaved-caspase-1 (D) detected by Western blotting assay. The data are shown as the mean ± SD and were analyzed by one-way ANOVA 
analysis. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Nrf2/HO-1 pathway and that inhibiting the Nrf2/HO-1 pathway reverses this inhibitory effect of RvD1 on inflammasome 
activation.

Blockade of Nrf2/HO-1 Signaling Abolished the Anti-Inflammatory Effect of RvD1 in 
EAP
We also determined whether ML385 and ZnPP could block RvD1’s anti-inflammatory effect on mice with EAP. H&E 
staining indicated that RvD1 treatment reduced the numbers of infiltrating inflammatory cells in the prostates of mice 
with EAP, and pretreatment with ML385 or ZnPP in EAP mice prior to RvD1 treatment increased the numbers of 
infiltrating inflammatory cells in the prostate (Figure 6A). The histopathological scores showed no significantly 
difference in mice pretreated with ML385 or ZnPP compared with EAP mice (Figure 6B). The response frequencies 
to tactile allodynia were also increased in mice pretreated with ML385 or ZnPP compared with EAP mice treated with 
RvD1 (Figure 6C). ELISA results showed that the serum levels of the inflammatory cytokines IL-1β, IL-6, and TNF-α 
were significantly increased in the EAP group compared with the control group. Treatment with RvD1 decreased the 
serum levels of the inflammatory cytokines IL-1β, IL-6, and TNF-α. Pretreating EAP mice with ML385 or ZnPP prior to 
RvD1 treatment increased the serum levels of IL-1β, IL-6, and TNF-α (Figure 6D). According to these findings, RvD1 
inhibited the prostatic inflammatory response by activating the Nrf2/HO-1 pathway, and that inhibiting the Nrf2/HO-1 
pathway blocked the anti-inflammatory effect of RvD1 on EAP mice.

Discussion
This is the first study to investigate the therapeutic effect of RvD1 on CP/CPPS in an EAP mouse model. RvD1 treatment 
could attenuate inflammation and pelvic pain associated with EAP. RvD1 treatment can inhibit oxidative stress and the 
NLRP3 inflammasome activation to reduce the production of ROS as well as pro-inflammatory cytokines such as IL-1β, 
IL-6, and TNF-α. Mechanistic studies have shown that Nrf2/HO-1 signaling mediates the inhibitory effect of RvD1 on 
oxidative stress and the NLRP3 inflammasome activation (Figure 7). Blockade of Nrf2/HO-1 signaling offset the 
corresponding anti-inflammatory effects of RvD1 on EAP mice.

CP/CPPS, a common condition of urinary system, can lead to recurrent pain in the perineum, decrease in sperm 
quality, and has a considerable negative impact on quality of life.28 The pathological feature of CP/CPPS is characterized 
by the infiltration of inflammatory cells.29,30 Previous studies found that the levels of inflammatory cytokines IL-1β, IL-6, 
and TNF-α are increased in CP/CPPS patients and EAP model.31,32 In addition, there is a correlation between histological 
inflammation of prostate and symptomatic progression of CP/CPPS.33 Therefore, neutralizing or reducing the levels of 
inflammatory cytokines, including IL-1β, IL-6, and TNF-α, may be an effective therapeutic strategy for CP/CPPS. In this 
study, an EAP mouse model that mimics the inflammatory changes and pelvic pain of CP/ CPPS patients was 
successfully established by subcutaneous injection of a mixture of PAgs and CFA, and was used to test the therapeutic 
effect of RvD1. RvD1, a lipid mediator derived from docosahexaenoic acid, possesses anti-inflammatory and antioxidant 
properties. However, the effects of RvD1 on EAP remain uncertain. In this study, we found that RvD1 treatment 
alleviated the degree of inflammation in prostate tissues, ameliorated pelvic pain, and decreased pro-inflammatory 
cytokines expression, showing good therapeutic potential in EAP.

The activation of NLRP3 inflammasome is the key to the initiation and progression of inflammatory response in 
a variety of inflammatory diseases. Once NLRP3 inflammasome activated, it can recruit the adapter ASC, leading to 
caspase-1 activation; activated caspase-1 converts the precursor forms of IL-1β and IL-18 into mature pro-inflammatory 
cytokines.13 Current therapies that inhibit NLRP3 inflammasome activation have been developed to prevent or treat 
diseases.34,35 The activation of NLRP3 inflammasome has been implicated in the development of EAP, and blocking 
NLRP3 inflammasome activation with MCC950 ameliorates inflammation and pelvic pain associated with EAP.15 

Therefore, other compounds targeting NLRP3 inflammasome activation may be a novel strategy for the treatment of 
CP/CPPS. Recent studies showed that RvD1 can inhibit NLRP3 inflammasome activation, and shows potent anti- 
inflammatory effects in diseases, including glomerular injury,36 blood-brain barrier disruption after subarachnoid 
hemorrhage37 and atrial fibrillation.38 In present study, we found that the expression of NLRP3 inflammasome-associated 
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proteins increased, suggesting that the NLRP3 inflammasome was activated in EAP mice. RvD1 treatment effectively 
inhibited the activation of the NLRP3 inflammasome.

Studies have shown a direct correlation between CP/CPPS progression and oxidative stress.26 Cells are protected 
against potential cytotoxicity due to the critical balance between production and degradation of ROS. When ROS is 

Figure 6 Pretreatment with ML385 or ZnPP reversed the anti-inflammatory effect of RvD1. (A) H&E showed increased inflammatory cell infiltration in prostate tissue in 
mice pretreated with ML385 or ZnPP compared with RvD1-treated mice. (B) The histopathological scores of mice subjected to different treatments. (C) Pain response 
frequency to mechanical stimulation of mice subjected to different treatments. (D) Enzyme-linked immunosorbent assays (ELISAs) were performed to measure the IL-1β, IL- 
6, and TNF-α levels in the serum of mice subjected to different treatments. The data are shown as the mean ± SD and were analyzed by Kruskal–Wallis non-parametric test 
(B), or two-way ANOVA analysis (C), or one-way ANOVA analysis (D). “ns” indicates P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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imbalanced, it interacts with lipids, proteins, carbohydrates, and nucleic acids interfering with cell signaling and 
homeostasis.39,40 As ROS concentration increases, pathological changes occur in proteins, lipids, and DNA within the 
cells.41 Excessive oxidative stress, under certain conditions, such as prostatitis, can cause cellular death and damage to 
the extracellular matrix, which can lead to tissue damage and fibrosis.42 There is evidence that free radicals/oxidative 
species such as inducible nitric oxide, reactive nitric species, and ROS are released when prostate tissue is exposed 
continuously to inflammation.43 These active substances can lead to significant changes in protein structure and function, 
as well as DNA changes.44 In addition, antioxidant compounds may activate nuclear factor Nrf2 to increase endogenous 
cellular antioxidant defenses, as well as directly act against free radicals directly.45,46 Therefore, treatment strategies to 
increase antioxidant capacity and alleviate oxidative stress might be promising options for CP/CPPS patients. In this 
study, we found that RvD1 treatment could inhibit oxidative stress, increase antioxidant capacity, and reduce oxidative 
damage in prostate tissues in mice with EAP.

ROS is a small highly reactive molecule, and an excessive production of ROS can cause the balance between the anti- 
oxidative and pro-oxidative systems to be upset.47 Nrf2 is a key transcription factor that regulates the expression of 
a series of antioxidant enzymes to scavenge endogenous ROS.48 Specifically, the elevated production of ROS promotes 
the nuclear translocation of Nrf2, binding to antioxidant response element (ARE) fragments in DNA to enhance the 
transcription of antioxidant enzymes, thus mitigating oxidative stress-related damage. Therapeutic strategies to activate 
Nrf2 may be an important way to alleviate inflammation and reduce oxidative stress-related damage. Zhao et al showed 
that lycopene attenuates oxidative stress and inflammation associated with CP/CPPS by activating Nrf2 signaling 

Figure 7 Schematic diagram of the therapeutic effect of RvD1 in mice with EAP and the underlying mechanism. RvD1 treatment alleviated prostatic inflammation and pelvic 
pain in the EAP model by activating Nrf2/HO-1 signaling to inhibit oxidative stress and NLRP3 inflammasome activation.
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pathways.49 Lin et al showed that strategies targeting ferroptosis attenuates prostatitis by activating Nrf2/HO-1 
signaling.50 HO-1, an important antioxidant controlled by Nrf2, can catalyze the heme reaction to produce metabolite 
carbon monoxide, having anti-inflammatory, anti-apoptotic, and diastolic blood vessels and other tissue protection 
effects. In this study, RvD1 treatment increased the expression of the antioxidant enzymes HO-1 and SOD, inhibited 
the activation of NLRP3 inflammasome, attenuated inflammation and pelvic pain associated with EAP. We also 
determine that the inhibition of NLRP3 inflammasome activation by RvD1 was due to Nrf2-mediated ROS clearance. 
Blockade of Nrf2/HO-1 signaling abolished oxidative stress, NLRP3 inflammasome activation, and anti-inflammatory 
effects in RvD1-treated mice. These results suggested that RvD1 may exert its protective effects via the Nrf2/HO-1 
signaling in mice with EAP.

Conclusion
In summary, our study first demonstrated a therapeutic effect of RvD1 in EAP mice. RvD1 treatment could attenuate 
prostatic inflammation and pelvic pain by inhibiting oxidative stress and NLRP3 inflammasome activation via activating 
Nrf2/HO-1 signaling in the prostate tissue of EAP. As an endogenous anti-inflammatory substance, RvD1 may serve as 
a promising pharmaceutical preparation for treating CP/CPPS.
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